Among the L-amino acids, only L-cysteine was oxidized by isolated washed membranes of group B Neisseria meningitidis SD1C. The cysteine oxidase in the membrane obeyed Michaelis-Menten kinetics and was heat labile. The pH optimum for the maximum velocity of the reaction was 9.8. Specific activity of the enzyme increased as cell growth progressed through the exponential phase toward the stationary phase of growth. The enzyme activity was markedly sensitive to inhibition by metal chelators, but was resistant to inhibitors of terminal oxidases with the exception of cyanide. All known cytochromes in the membrane, except b56, were reduced with L-cysteine. The additive nature of Lcysteine oxidase and succinate oxidase activities suggests that an unidentified oxidase is involved in the oxidation of cysteine.
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The intermediary metabolism of sulfur-containing amino acids, and cysteine and cystine in particular, is complex, and many aspects still remain obscure. In animal tissues the oxidation of L-cysteine is enzymatically catalyzed by an oxygenase which forms cysteine sulfinic acid, the key intermediate in cysteine metabolism (17, 23, 25, 29) . In bacterial systems, however, very little is known about cysteine metabolism. Recent work on Proteus and Corynebacterium has provided evidence for both soluble and membranebound L-amino acid oxidases which catalyze the oxidative deamination of a wide spectrum of Lamino acids, including L-cysteine (5, 6, 9, 22) . Tauber and Russell (28) have shown the presence in neisseriae of cysteine oxidase which is involved in the conversion of cysteine to cystine. Although the function of this enzyme in the amino acid metabolism of the genus Neisseria is not understood (20) , it has been established that all strains of gonococci and some strains of meningococci have an absolute requirement for cysteine for growth (4) . This is in contrast to the apparent inhibitory effect of cysteine on most other bacteria grown aerobically (3).
Our present study reveals the enzymatic nature of the cysteine reaction and demonstrates the involvement of the respiratory chain and possibly an alternate oxidase in the process. and working cultures was descibed previously (7), as were routine eminations for strain purity. This strain readily dissociates into rough and smooth colonial types (8) . Only the smooth strain was used in this study.
MATERIALS AND METHODS
Cell growth and fractionation. The growth of celLs was described previously (33) . Cells were harvested at 10,000 x g, 20 min (4WC). Cells in cold 0.05 M Tris (Trizma Base; Sigma Chemical Co., St. Louis, Mo.) plus 0.05 M MgCl2 (pH 7.5) were broken by highpressure (12,000 to 18,000 lb/in2) extrusion from a precooled French pressure cell. Whole cells and large debris were removed from the remaining cell-free extract by centrifuging at 19,000 x g for 20 miin. The supernatant extract was centrifuged at 180,000 x g (mean force) for 3 h in a Beckman L5-65 ultracentrifuge with a 6OTi rotor to separate the particulate membranous fraction (pellet) from the supernatant one. The particulate membranous fraction was twice suspended in and centrifuged (180,000 x g, 2 h) from 0.05 M potassium phosphate or Tris buffer (pH 7.5).
Oxidase assay. Oxygen consumption was measured by a Rank polarographic oxygen cell (Rank Bros., Bottisham, Cambridge, England). AR assays were carried out at 37°C in an air-saturated buffer. Assays carried out at pH 7.5 were in 0.05 M potassium phosphate buffer or 0.05 M Tris buffer, whereas universal buffer (2) was used for assays at pH 9.8 and for studies of the pH optimum. The final concentration of L-cysteine in a typical run was 25 mM. The resulting activities were corrected for the negligible endogenous respiration and autooxidation of L-cysteine. Inhibitors, when applied, were added 1 min before the addition of the substrate. Any effects of inhibitors on the autooxidation of L-cysteine were taken into account as well.
Ascorbate plus NN,N,N'-tetramethyl-p-phenylenediamine (TMPD) oxidase activity was measured as described in detail elsewhere (32 
RESULTS
Cell-free extracts of N. meningtidis consumed oxygen on L-cysteine (Table 1) . When cell-free extracts were fractionated into membranous and supernatant fractions, nearly all activity was associated with the membranous fraction of the cell. In contrast to the L-amino acid oxidases reported in other bacteria (5, 28) , the one in meningococcal membranes exhibited a relatively limited specificity. Of the amino acids tested, only L-cysteine, D-cysteine, and cysteamine produced detectable oxygen consumption ( Table 2) .
The specific activity (Table 3) of the L-cysteine oxidase increased approximately fourfold over the course of growth from the early exponential phase to the stationary phase of growth ( Fig. 1 ). There was an initial rapid increase in activity as cells entered the midexponential Therefore, the L-cysteine-reduced-plus-CO-minus-L-cysteine-reduced difference spectrum should permit the identification of the oxidases reduced by L-cysteine. The spectrum in Fig. 3 indicates that more than one cytochrome oxidase is involved in cysteine oxidation. The Soret peak at 417 nm and the absorption trough at 559 nm are strongly suggestive of cytochrome o, whereas the Soret peak at 430 nm and the trough in the area of 590 nm indicate that an a cytochrome is reduced. These two oxidases have been reported previously for this organism (32, 33) .
It was conceivable that endogenous respiration in the membrane preparation, separate from any attributable to L-cysteine, could itself result in the reduction of cytochromes, giving false results from CO binding in the presence of Lcysteine. This possibility was ruled out when it was determined that there was no detectable endogenous oxidase activity in the washed membrane preparations, and, moreover, the cytochromes remained oxidized in the absence of Lcysteine.
The study was continued with the use of inhibitors of the electron transport chain ( Table  4) . The iron chelators o-phenanthroline and salicylhydroxamate were both effective inhibitors of L-cysteine oxidase activity, which is in agreement with the reports of cysteine oxidation in other systems (9, 17, 23) . That o-phenanthroline was effective at the flavoprotein level of the transport chain is seen in the lack of reduction by L-cysteine in the L-cysteine-plus-o-phenanthroline-minus-air-oxidized spectrum (Fig. 4) . The disappearance of trough at 450 rm indicates that the inhibition by o-phenanthroline prevented the reduction of the flavoprotein itself (12) .
Interesting results were obtained when the terminal oxidase inhibitors cyanide, azide, and hydroxylamine were tested for their effects on the oxidation of cysteine (Table 4) . Whereas strong inhibition was obtained with cyanide, a finding in agreement with reports on other bacteria (9, 17, 26, 29) , the cystine oxidase activity was only slightly affected by azide or hydroxylamine. Although the cytochrome oxidases o and NADH, or ascorbate-TMPD via the meningococcal electron transport chain (32) . Hydroxylamine (5 mM) produced 80 to 100% inhibition of ascorbate-TMPD, succinate, or NADH oxidase activities (32), but had little or no effect on cysteine oxidation at the same concentration. Therefore, one must conclude that the electrons from cysteine have access to the electron transport chain used by succinate and NADH, but there exists, in addition, a separate oxidase that is sensitive to cyanide but relatively insensitive to azide and hydroxylamine. If cyanide inhibition were at the terminal oxidase leveL then one would expect that the cytochrome difference spectrum for cysteine-reduced-plus-cyanideminus-air-oxidized would be identical to the cysteine-reduced-minus-air-oxidized spectrum shown in Fig. 2 . When the spectrum of the cyanide-poisoned system was determined, the scan tracing (not shown) was identical to that in Fig. 2 , indicating that the effect of cyanide was indeed at the terminal oxidase leveL which is in agreement with the findings of others (29) . The nature of the alternative oxidase pathway in meningococci is the subject of an ongoing investigation.
Another piece of evidence suggesting that there is anp alternative, as yet undefined, pathway for electrons from cysteine is the failure of antimycin A and 2-n-heptyl4-hydroxyquinoline-n-oxide (HOQNO) to signdficantly inhibit cysteine oxidase activity. These agents, used at concentrations strongly inhibitory for NADH and succinate oxidases (32) , inhibited cysteine oxidase activity less than 20%.
Since the above results suggested that oxidation of L-cysteine involved an additional oxidase separate from the terminal oxidases previously reported for succinate, NADH, or ascorbate-TMPD, we tested the possibility that oxidase activities in the presence of multiple substrates might be additive. Figure 5 shows that this was indeed the case. The combined activities due to succinate and L-cysteine were similar regardless of the order of substrate addition (Fig. 5A and  B) . In the presence of azide, succinate oxidation was completely inhibited, whereas L-cysteine oxidase was not affected (Fig. 5B and C) . This latter was taken as additional evidence suggestive of a separate oxidase for the oxidation of cysteine. It appears that cysteine oxidation may proceed not only by an azide-reistant oxidase but, from the difference spectra and inhibitor studies above, also via the a and o oxidases used by succinate and NADH.
DISCUSSION
In studies on pathogenesis a knowledge of vital nutrients for disease-producing bacteria is an important consideration. Although most of the meningococci and all of the gonococci tested have an absolute requirement for cysteine (4), little is known about cysteine metabolism in these important human pathogens. Tauber and Russell (28) reported their findings of a cysteine oxidase and cysteine desulfihydrase in meningococci, but neither of the reactions associated with these enzymes was studied in any detail.
The membrane-bound cysteine oxidase we have studied here has a narrow range of specificity. Among the 20 common L-amino acids tested, it catalyzed only the enzymatic oxidation of cysteine. Such findings clearly distingui this enzyme from the cysteine oxidase (dioxygenase) in animal tissues, which leads to the production of cysteine sulfinate (17, 23, 25, 29) , or the broadspectrum L-amino acid oxidases in other bacteria (5, 6, 9, 22) . Such bacterial amino acid oxidases catalyze the deamination of amino acids to their respective keto-acids (5, 6, 9, 22) . The cysteine oxidas activity in meningococci was heat labile, was inactivated in Triton X-100, and obeyed Michaelis-Menten kinetics of enzyme-catalyzed reactions.
The electrons from cysteine appear to have ready access into the respiratory electron transport chain so that cysteine may be oxidized via cytochrome oxidases a and o. The reduction of the normal spectrum ofcytochromes by cysteine and the ability of cysteine to reduce cytochrome oxidases a and o (33) supports this conclusion. Furthermore, the inability of flavoprotein or cytochromes to be reduced in the presence of ophenanthroline, known to inhibit electron transport at the flavoprotein level, suggests that electrons from cysteine enter the respiratory chain at an early stage.
As the result of recently reported studies from this laboratory, a branched respiratory electron transport chain has been proposed for the meningococci (32) . To this branched chain we have added additional information which is consistent with our findings presented here (Fig. 6 ). Any inhibition of electron flow in the respiratory chain results in the shunting of electrons from cysteine to an alternate oxidase. This alternative oxidase, unlike the cytochrome oxidases of the respiratory chain, is resistant to hydroxylamine and azide. Multiple oxidases are well documented in bacteria (15, 30) and in certain mitochondrial systems of eucaryotic cells (13) . The additive nature of succinate and cysteine activities in meningococcal membranes lends support to the alternative oxidase hypothesis as does the insensitivity of cysteine oxidase to antimycin A and 2-n-heptyl-4-hydroxyquinolinen-oxide, which act between b and c cytochromes.
The physiological role of the cysteine oxidase in meningococci is not known. The conversion of cysteine to cystine occurs nonenzymatically in the presence of oxygen and heavy metals. A recent report on a membrane-bound oxidase catalyzing the oxidation of glutathione to glutathione disulfide presents evidence suggesting that the conversion is involved in the translocation of the substrate across the membrane (27 6 . Proposed scheme for the L -cysteine oxidation in the electron transport chain on the meningococcal envelope preparation. HOQNO, 2-n-Heptyl-4-hydroxyquinoline-n-oxide; SHAM, salicyihydroxamate; UbQ, Ubiquinone.
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